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The fastest exchange of information is achieved by mediating it with electromagnetic
pulses. When these pulses can be controlled with low loss of energy and within a
small spatial volume, efficient optical devices are within reach. During the last twenty
years, much progress has been made in the development of photonic crystals [1]
since it is expected that with these manmade structures the low-loss and small-scale
manipulation of light can be realized.
Photonic crystals are composite materials in which the building blocks of the
crystal unit cell are dielectric1 media. In photonic crystals, the index of refraction
varies periodically in space, where the period is given by the spatial extent of the
unit cell. The dimension of the photonic crystal is given by the number of indepen-
dent spatial directions along which the refractive index varies repeatedly. Example
models for a one-, two- and three-dimensional photonic crystal have been depicted in
Fig. 1.1. An electromagnetic field that impinges upon a photonic crystal is reflected
periodically inside the medium, where the reflectance of each unit cell increases with
increasing contrast of the refractive indices of the constituents. When, for applied
harmonic plane waves that propagate in a given direction, the wavelength and the
crystal period along the propagation direction compare such that the back-reflected
waves interfere constructively, the field will be strongly rejected from the crystal. In
this case, the amplitude of the field within the crystal decays exponentially with the
1Photonic crystals can also be constructed from both dielectric and metallic components. These
metallodielectric photonic crystals are discussed below in a separate paragraph.
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Figure 1.1: Example models for (a) a one-dimensional photonic crystal, (b) a two-
dimensional photonic crystal and (c) a three-dimensional photonic crystal. In regions
with different colors, the index of refraction takes on different values.
distance to the boundary surface of the medium and there is no traveling field inside
the medium. The range of wavelengths or, equivalently, frequencies, for which no
propagating wave solutions exist in the crystal is called the photonic band gap. If
the photonic band gap extends to all possible propagation directions of the field, it is
complete. The counterpart of field rejection from the crystal occurs when the wave-
length and crystal period along the propagation direction of the incident harmonic
plane waves compare such that the back-reflected waves from unit cells interfere de-
structively. In that case, the field will be well-transmitted through the crystal. The
photonic crystal thus effects a selectivity in the reflection and transmission of electro-
magnetic waves, where the selection criterion is the wave-vector of the field. Fig. 1.2
depicts a sketch of the dispersion relation for electromagnetic harmonic plane waves
in a uniform one-dimensional homogeneous medium and in a one-dimensional pho-
tonic crystal. The effects of the inhomogeneities of the medium are seen in a splitting
of the bands, the frequency solutions ω that correspond to the real wave number k, at
the edges of the Brillouin zone at k =±pi/l, resulting in the photonic band gap.
Electromagnetic waves in photonic crystals have a strong analogy in the field of
solid state physics. This similarity is given by electrons in interaction with a crystal
lattice of atoms or molecules, where the crystal represents a periodic potential for the
electrons. An electronic band gap results if the electrons are Bragg diffracted [2].
The charge configuration of the atoms or molecules and the structure of the crystal
together determine the conduction properties of the medium. In photonic crystals,
the index of refraction of the material components and the crystal structure both de-
termine the dispersion of light. The differences are that the electromagnetic wave
has a polarization and satisfies the Maxwell equations whereas the electron wave is a













Figure 1.2: Dispersion relation for electromagnetic plane waves in (a) a one-
dimensional homogeneous medium with artificial period l and (b) a one-dimensional
photonic crystal with period l. The splitting of the degenerate frequency solutions at
the Brillouin zone edges leads to the formation of photonic band gaps.
scalar field that obeys Schro¨dinger’s equation [3].
In conclusion, the unusual dispersion relation of electromagnetic waves in pho-
tonic crystals and in particular the possible presence of a photonic band gap render
photonic crystals useful for manipulating the propagation of light. A legitimate ques-
tion that could arise at this point is: why use such complex materials as photonic
crystals and why not simply use the reflective properties of metals or the phenomenon
of total internal reflection in dielectrics to prevent light from going somewhere? The
answer lies within the energy losses and the scale. Photonic crystals are much less
dissipative than metal mirrors for the control of electromagnetic waves [4]. Further,
as compared to total internal reflection based waveguides such as for instance glass
fibre cables, photonic crystals can manipulate the flow of light at a much smaller
scale, namely that of the wavelength of the guided light itself [1].
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1.2 Historical overview
The earliest study of electromagnetic wave propagation in periodic media dates from
the year 1888, when Lord Rayleigh studied the peculiar reflective properties of a
crystalline mineral [5]. Rayleigh tried to explain ”the high degree of selection (of
wave-vectors) and copiousness of the reflection of the crystal”. Not convinced by the
earlier explanation that the peculiar reflection was caused by the presence of a single
narrow layer inside the crystal, then called ”the seat of color”, Rayleigh successfully
assumed that the mineral consisted of a large number of alternating layers. The min-
eral was thus identified as a natural periodic multilayer or one-dimensional photonic
crystal, see Fig. 1.1(a).
Photonic crystals have also been found elsewhere in nature, though not very
abundantly. Iridescent colors due to crystalline medium structures are for instance
observed in the wings of certain butterflies [6] and in opals. The known natural pho-
tonic crystals do not have a complete band gap, which is required for many of the
proposed devices to operate. Photonic crystals with a complete photonic band gap
can only be realized by means of artificial fabrication. In the following paragraphs,
the historical overview of the fabrication of photonic crystals will be given.
The periodic multilayer has been studied intensively throughout the twentieth
century [7] and nowadays it has several applications, for instance as anti-reflection
coating, which was first developed by Smakula [8] in 1936, as Fabry-Perot filter and
in distributed feedback lasers [9]. The generalization of the periodic multilayer to
media with periodicity in more than one dimension was proposed by Bykov [10, 11]
in 1972, with the idea to inhibit spontaneous optical emission. Then, in the 1980s,
Yablonovitch [12] recognized that the photonic crystal could be used to increase
the performance of lasers and other devices that suffer from the previously uncon-
trollable spontaneous emission. Another important application, namely using pho-
tonic crystals as a mechanism for the localization of light, was proposed in 1987 by
John [13]. These propositions strongly provoked the interest in photonic crystals and
thus marked the birth of the photonic crystal area.
Inspired by the theoretical ideas of John [13] and Yablonovitch [12], the challenge
arose to fabricate a photonic crystal with an actual complete band gap in the visible
part of the frequency spectrum. At that time, in the 1980s, it was experimentally still
impossible to create highly regular three-dimensional lattices with periodicity be-
low the micrometer, so the fabrication of a photonic crystal that could influence the
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flow of visible light2 was still beyond reach. The first attempts to create a complete
band gap material therefore involved crystals with much larger periodicities. The first
three-dimensional photonic crystal, with periodicity at the millimeter scale, was fab-
ricated by Yablonovitch and Gmitter [15]. This crystal was an array of spherical voids
filled with air in a matrix of dielectric material, arranged in a face-centered cubic lat-
tice. Their attempt to find a complete photonic band gap was unfruitful; the measured
transmission spectra did not show a complete gap. This was quite remarkable be-
cause contemporary simulations, which used the scalar wave approximation [16], did
predict a complete band gap for the face-centered cubic lattice. Later simulations,
which incorporated the vectorial nature of the electromagnetic field [17, 18], con-
firmed the absence of a complete band gap for Yablonovitch and Gmitter’s crystal.
Subsequently, Ho et al. [19] suggested using a diamond structure, for which the latest
simulations did promise a complete band gap. Consequently, Yablonovitch created
the diamond structure by drilling cylindrical holes in a dielectric material and it was
for this crystal that the transmission spectra revealed the first complete band gap [20].
After Yablonovitch’ first experimentally realized diamond structure crystal with
a complete band gap, different structures with band gaps were proposed and realized,
such as the woodpile structure [21, 22]. Experimental measurements on woodpile
structure based photonic crystals have also been intensively performed by the group
of A. Polman [23]. The woodpile structure has the advantage that it can be fabricated
layer-by-layer which facilitates further engineering of the interior of the crystal. Af-
ter a long route of downsizing the crystal period by using increasingly advanced pro-
cessing techniques [22,24–27], three-dimensional periodicity at the micrometer scale
was reached by adoption of a crystallization process from nature. As it was known
that natural opals illuminated with white light reflect colored light where the color
varies with the angle of reflection, in other words these crystals were known to have
a band gap, the community started to fabricate artificial opals by copying the natural
process of colloidal self-assembly of monodisperse spheres [28]. The group of A.
van Blaaderen proposed such a self-assembly route for photonic crystals with a band
gap in the visible region [29]. Experimental measurements of optical properties of
synthetic opals from monodisperse polystyrene colloids [30–35] showed band gaps
at wavelengths comparable to the diameter of the spheres. A severe disadvantage
of self-assembling crystals is that it is difficult to engineer them to fulfil particular
applications. For instance, it is hard to control the introduction of defects into the
structure. Therefore, Joannopoulos and coworkers [36–38] returned to planar struc-
2The spectrum of vacuum wavelengths of visible light ranges roughly from 400nm to 700nm [14].
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tures with periodicity in two dimensions and experimentally showed the presence of
the photonic band gap. The ability to guide visible light in two dimensions through
small channels around sharp bends with very low loss was predicted [39] and both
numerically [40] and experimentally [41] verified. The dependence of the coupling
of light from an external point source to a three-dimensional photonic crystal on the
relative position of the light source with respect to the crystal lattice has been spatially
resolved beyond the dimensions of the unit cell with a near-field scanning microscope
by the group of L. Kuipers [42].
1.3 Applications of photonic crystals
There are numerous applications of photonic crystals. In 1994, Meade et al. [39]
first proposed using them as waveguides. A waveguide is obtained from a photonic
crystal by introducing a line of defects in it, this has been illustrated in Fig. 1.3(a).
Since the light cannot continue its propagation in the perfect part of the crystal, it is
forced to follow the defect route along which the periodicity is broken, even if this
line has sharp bends. Although the light does not escape the photonic crystal waveg-
uide at bends, part of the light undergoes back-reflection there, which also results in
transmission loss. Much effort has been spent to reduce these back-reflection losses,
for instance by rearranging the lattice near the bend [43], smoothing the bend and
changing locally the width of the guide [44] and adding appropriate defects at the
bend corners [45].
Confinement of the light to the waveguide that is independent of the shape of the
guide can not be achieved in waveguides that are based on total internal reflection,
where there exists a minimal bend radius below which the light escapes from the
waveguide. For the guiding of for instance telecom waves (wavelength 1.5µm in
vacuum [46]) in a glass fibre cable surrounded by air, the bend radius, which is the
outer radius of the circularly bent cable, should be at least a few millimeters. As
compared to a photonic crystal waveguide, which has extensions of the order of the
wavelength of the guided light, this is a significant difference in size. This explains
why photonic crystals can manipulate the flow of light at small scale.
If instead of a line of defects, only a single point defect is introduced in the
photonic crystal, as Yablonovitch and Gmitter [47] first proposed in 1991, local elec-
tromagnetic modes can exist with frequencies that lie inside the photonic band gap.
Thus, photonic crystals can be utilized as microcavities, which are essential compo-
nents of lasers and filters. The photonic crystal microcavity has been illustrated in
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(a) (b)
Figure 1.3: Photonic crystals with defects. Different colors indicate regions with
different indices of refraction, the defect building blocks have been given the darkest
color. (a) line of defects, resulting in a waveguide and (b) point defect, resulting in a
microcavity.
Fig. 1.3(b). For a good performance, it is required that the cavity has a high qual-
ity factor and a small mode volume. A high quality factor means low energy loss
per radiation cycle which implies having a well-defined frequency and a small mode
volume ensures high coherence. Since, with photonic crystal surroundings, the local
electromagnetic modes in the cavity are confined with low loss, the quality factor of
such a cavity can reach high values of over ten thousand [48]. Moreover, the size of
the cavity can be brought down to the order of the wavelength, which implies a rather
small mode volume for the cavity. Various methods have been proposed to further in-
crease the quality factor and decrease the mode volume, as for instance by adjusting
the cavity geometry [49] and recycling the radiated field [50], [51]. The first working
pulsed laser based on a photonic crystal microcavity was reported in 1999 by Lee et
al. [52].
Further proposed photonic crystal applications are beam splitters [53], add/drop
filters [54], switches [55,56], waveguide branches [57], transistors [58], limiters [59,
60], modulators [61–65], amplifiers [66, 67] and optical delay lines [68]. Many pho-
tonic crystal applications have been realized with good performance such as the drop
filter [69], optical filter [54], polarization splitter [70], Y-splitter [71–73] and Mach-
Zehnder interferometer [74].
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1.4 Metallodielectric photonic crystals
The control of electromagnetic microwaves can not only be realized with dielec-
tric photonic crystals but also, and even better, with metallodielectric photonic crys-
tals [75], which have both metal and dielectric components. For pure dielectric crys-
tals, a significant fraction of the electromagnetic field penetrates through a unit cell so
that several of these cells are needed to achieve Bragg scattering [4]. For microwaves,
an interface between a dielectric and a metal medium reflects the field much more ef-
ficiently3 than an interface between two dielectric media. With the introduction of
metallic components, photonic band gaps for microwaves can therefore be realized
with less unit cells. Besides having the advantage of efficient reflection, the use of
metallic components also introduces additional functional properties to the crystal.
For instance, each cell can be designed with a circuit element having adjustable in-
ductance and capacitance. These enriched photonic crystals can be used, for example,
to increase the performance of microwave antennas [75–77] or reduce the backwards
radiation of cell phones [75].
1.5 Fundamental physics in photonic crystals
Until the photonic crystal area, it has always been assumed that the spontaneous pho-
ton emission rate of an atom or molecule could not be influenced. However, as has
been mentioned earlier, Bykov [10, 11] first put forward the idea that these emission
rates could possibly be altered with photonic crystals. Experimental verification for
the control of the spontaneous emission of quantum dots by three-dimensional pho-
tonic crystals has been given for instance by the group of W. L. Vos [78, 79]. Not
only the inhibition of spontaneous atomic emission of photons, but also various other
interesting fundamental physics phenomena have been observed in photonic crystals.
Ozbay et al. [80] and Bayindir et al. [81–83] theoretically and experimentally demon-
strated that photons can hop from one to another nearby cavity because of a coupling
between both cavity modes. They found that this hopping could be described with
the tight-binding method and observed high transmittance of electromagnetic waves
through a sequence of microcavities. Kosaka et al. [84] investigated the nonlinear
3For an efficient reflection, the metal parts in a metallodielectric photonic crystal should be included
in each unit cell as isolated components, since otherwise long-range electric currents are induced by the
field and these would cause significant energy losses in the photonic crystal [4]. For this reason, the
metallic mirror is relatively dissipative in the manipulation of electromagnetic waves.
1.6 Theoretical research 9
optical phenomenon of superprism in photonic crystals, demonstrated that photonic
crystals can have a negative index of refraction, which was utilized for applications
such as beam steering [85], spot size conversion [86,87] and self-collimation [88–91].
1.6 Theoretical research
The numerous applications of photonic crystals and the interesting fundamental physics
phenomena that can be observed in photonic crystals strongly ask for a good compre-
hension of these materials and motivate the search for solutions to the many unsolved
problems that remain in the theory behind electromagnetic wave propagation in pho-
tonic crystals. To give an impression of the sort of problems that exist, we mention a
few of these remaining questions. It has been calculated and experimentally observed
that the group velocity of electromagnetic waves in photonic crystals can become ex-
tremely small for frequencies at the edge of the photonic band gap [92, 93]. It is
not clear what the physical meaning of this vanishing group velocity is; does it im-
ply a vanishing signal velocity? Another remaining challenge is to extrapolate the
theory of partial coherence [7] from homogeneous media to photonic crystal materi-
als. Apart from interesting fundamental issues that emerge with the extension of this
theory, the elaboration is of practical relevance because of the previously mentioned
demand for high coherence of for instance photonic crystal based lasers.
Although the exact theory of electromagnetic wave propagation in photonic crys-
tals is at hand in the form of Maxwell’s equations, the characteristic multiple scat-
tering of light within these materials makes the detailed analytic description of the
propagation a complicated task. As a consequence, one is more or less forced to
solve the Maxwell equations numerically if one wants to calculate the amplitude of
a pulse after it has had some interaction with the photonic crystal. In this thesis,
however, it will be shown that some phenomena that come with pulse propagation
in photonic crystals can still be fully described with transparent analytic expressions,
where transparent analytic expressions are simple functions of the input pulse and
material parameters.
The various phenomena belonging to pulse propagation in photonic crystals that
are investigated with (semi-)analytic methods in this thesis are listed in this para-
graph. First, the so-called Sommerfeld precursor [94] field, here calculated for an
electromagnetic pulse that has been transmitted through a one-dimensional photonic
crystal, is obtained in a closed form. Thereafter, the Brillouin precursor [94], also
calculated for an electromagnetic pulse that has been transmitted through a one-
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dimensional photonic crystal here, is obtained semi-analytically. This means that
an analytic expression for the Brillouin precursor is obtained, but the visualization of
the amplitude of this precursor is realized with the use of numerical methods. Af-
ter the precursor part of this thesis, a transparent analytic expression is derived for
the transmission coefficient of the multilayer. Written in this alternative form, each
term of the transmission coefficient directly represents a transmitted light-ray. The
last part of this thesis treats electromagnetic wave scattering from objects for which
there is no one-to-one coupling of the natural modes of the field inside and outside
the object. Two sets of electromagnetic modes are established, one for the fields in-
terior and one for the field exterior to the scatterer, such that these modes together
yield a hybrid completeness relation. With this relation, it turns out to be possible to
calculate the scattered fields. The various concepts that are encountered in this thesis,
such as precursors, are introduced in the remainder of this chapter.
1.7 Precursors in homogeneous media
Electromagnetic pulse propagation in linear isotropic homogeneous dielectric media
with frequency dispersion and absorption has been thoroughly studied in a classi-
cal paper of Sommerfeld and Brillouin [94]. This theoretical work originates from
1914 and, though old, it is still considered as a milestone in electromagnetic wave
propagation. In the course of time, Sommerfeld and Brillouin’s theory has been fur-
ther refined by Oughstun and Sherman [95]. Substantial part of Sommerfeld and
Brillouin’s analysis of pulse propagation in homogeneous media is devoted to their
theoretical discovery of precursors.
The precursors, which are named after their discoverers as the Sommerfeld and
the Brillouin precursor [14], are distinct wave patterns with usually very small am-
plitudes and high frequencies as compared to the applied (optical) pulse. The wave
patterns, the characteristics in the behavior of the electromagnetic field as a function
of time, of forerunners are rather universal, quite independent of the exact shape of
the incident pulse and the exact values of the medium parameters. As a consequence
of the frequency dispersion and absorption in the homogeneous medium, each fre-
quency component that is provided by the applied pulse propagates at its own speed
and attenuates with its own decay constant. The precursors arise within the medium
as a consequence of the very complicated interplay of various frequency components
and are related with the dispersion characteristics of the waves within the medium.
The forerunners are composed of those frequency components of the applied
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pulse that have a relatively weak interaction with the medium. The weakly interacting
frequency components are those that lie in regions with small absorption, far away
from the resonances of the medium. This explains the maximum number of possible
precursors that can arise in materials that are modeled as Lorentz media [96, 97]. In
a single electron resonance Lorentz medium, two precursors can arise [96]: one with
frequencies much higher than the resonance, this forerunner is called the Sommerfeld
precursor, and one with frequencies far below the resonance, the Brillouin precursor.
In a multiple electron resonance Lorentz medium, the maximum number of precur-
sors that can arise is equal to the number of off-resonance regions in the frequency
spectrum of the medium, where the interaction with the electromagnetic field is rela-
tively weak. It depends on the values of the medium parameters, whether all of these
precursors will actually appear [97]. Therefore, the frequency components that have
a relatively weak interaction with the medium do not necessarily produce a precursor.
In a single relaxation Debye model medium, for instance, it has been calculated that
only the low-frequency Brillouin precursor arises [98,99], although the interaction of
the field with the medium is weak at high frequencies as well.
Apart from the fact that the precursors form an intrinsic part of the transmitted
field in many dispersive media, the forerunners also have an interesting property that
makes an extension of their study to inhomogeneous media worthwhile. For ho-
mogeneous media, it has been shown that the peak amplitudes of precursors do not
decay exponentially with propagation distance but algebraically [100]. Their deep
penetration capability turns the precursors into candidate signals for medical imag-
ing and underwater communication [101]. It is therefore interesting to find out how
the peak amplitude decays in inhomogeneous media. Although we do not answer
this question, in this thesis we will lay the groundwork for such a calculation. The
first direct experimental observation of precursors was reported in 1969 by Pleshko
and Palo´cz [102] for microwaves in a dispersive waveguide. Optical precursors have
been observed in GaAs [103], CuCl [104] and in water [100].
1.8 Precursors in photonic crystals
Throughout this thesis, the photonic crystals under investigation have the simplest
possible geometry, namely that of the stratified, periodic multilayer. The inhomo-
geneity of the photonic crystal gives rise to the presence of what is called waveguide
dispersion, which is a frequency-dependent response as a result from the geometry
of the medium. In order to present realistic photonic crystals in this thesis, the slabs
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of the crystal are also provided with frequency dispersion and absorption, so in total
there are two different origins of the dispersion and absorption. The frequency dis-
persion and absorption of each dielectric slab is modeled as that of a single-electron
resonance Lorentz medium [105], exactly as the homogeneous medium that was con-
sidered in Sommerfeld and Brillouin’s analysis [94]. The aim of this research is to
determine how the precursors are affected by the inhomogeneities of the medium.
Stated in other words, the purpose of this study is to reveal the interplay of frequency
and waveguide dispersion and absorption in our mediumwith respect to the formation
of the precursors.
In our analysis of pulse propagation in photonic crystals, the line of Sommerfeld
and Brillouin’s research [94, 96] on pulse propagation in homogeneous media is fol-
lowed. The pulse under consideration is incident onto the photonic crystal from one
side and after transmission it is evaluated as a function of the medium parameters
and time. The photonic crystal is surrounded by vacuum, so that only the effects of
the crystal are pointed out. The analysis of the transmitted pulse is carried out from
its wavefront along the first (Sommerfeld) precursor up to and including the second
(Brillouin) precursor. Asymptotic analysis is applied to the Fourier integral repre-
sentation of the transmitted pulse to obtain information about the wavefront and the
Sommerfeld precursor. The Brillouin precursor is analyzed with the more rigorous
method of steepest descent. This analysis is supported with plots of the transmittance
of the medium; these plots clearly show the dominant contributions to the transmitted
field at successive instants of time.
The following results are obtained for pulse propagation in our photonic crystal.
The wavefront of the pulse propagates at the speed of light in vacuum, as it does in ho-
mogeneous media [94]. The shape of the Sommerfeld precursor is not altered by the
medium inhomogeneities since it merely experiences the spatial average of the pho-
tonic crystal medium. The Brillouin precursor, however, can be severely distorted by
the inhomogeneities of the medium. This distortion depends in a complicated manner
on the medium parameters. As one would predict intuitively, the Brillouin precursor
is increasingly distorted with augmented index contrast. It is clearly exposed in the
transmittance plots that, after a rise time of the amplitude of the Brillouin precursor,
the frequencies of the dominant stationary point contributions to the field approach
those of the scattering resonances of the medium.
After the calculation of the precursors in the one-dimensional photonic crystal,
the attention is focused on the light when it is inside the crystal medium, with the
purpose of gaining deeper insight in the characteristics of the transmitted field.
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1.9 Transmission coefficient from a sum over all light-paths
A key ingredient in the description of propagation of electromagnetic waves through
multilayer media is the transmission coefficient, which is the ratio of the amplitude
of the transmitted electric field to that of the incident electric field. Usually, the trans-
mission coefficient is calculated via the transfer matrix method [106], which relates
the fields in subsequent layers by demanding continuity of the tangential components
of the total electric and magnetic fields at the interfaces. It is also interesting to derive
the transmission coefficient by summing the amplitude coefficients of all possible in-
dividual transmitted light-rays. With such a derivation of the transmission coefficient
it can be expected that the resonance structure of the medium is displayed better,
since resonances are constructive interferences of light-rays and these light-rays are
obscured in the transfer matrix derivation. It can be expected that the sum-over-all-
light-rays derivation brings the transmission coefficient in a very simple, natural, or
elementary form. This prediction turns out to be true.
For a monolayer, the sum over all light-paths is rather easily obtained [106], be-
cause the only possibility for the light is to scatter back and forth a number of times
between the two interfaces of the medium. The sum of all the transmitted light-rays
is then immediately identified as a geometric series. For the case of a medium with
more than one layer, it first seemed that the sum of all transmitted light-rays could not
so easily be obtained because of a dramatic increase of the number of possible paths
for the transmitted light. However, this problem is successfully solved and it is even
possible to immediately write down by hand the transmission coefficient in the alter-
native form for a multilayer with a few slabs. To our knowledge, this has never been
achieved before. The starting point in the derivation is to find a basis for the indi-
vidual transmitted light-rays, a basis from which all possible intermediate reflections
against interfaces within the multilayer medium can be obtained. It turns out that the
elements of the basis for the reflections, taken together with the accompanied extra
propagation path elements of the light inside the medium, can be chosen as loops. A
loop is the closed path that corresponds to a back-forth scattering between a pair of
interfaces. In the above mentioned monolayer, the path that corresponds to a single
back-forth scattering of the light-ray between the two interfaces is such a loop.
With the requirement that the loops between the various different interfaces of
the multilayer should somehow be treated on an equal footing, all possible transmit-
ted light-rays through the multilayer are exactly reproduced with a geometric series
of which the argument is multilinear in the different loops. The exact combinatorics
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of the various loops follows directly from demanding continuity of the light-paths.
Thus, a set of rules is derived with which the transmission coefficient of any multi-
layer medium can immediately be written down in terms of Fresnel coefficients [14]
and slab-propagation factors. It is to be expected that this can be done as well for the
reflection coefficient of the multilayer.
1.10 Scattering in the absence of one-to-one coupling of field
modes
The scattering of electromagnetic waves has been investigated for a wide variety of
scattering objects. Classic examples are Sommerfeld’s study on the deflection of
light at the edge of an infinitely thin conducting sheet [107] and Lord Rayleigh’s
analysis of the effect of scratches in a conducting plane, modeled as semi-cylindrical
excrescences, on the polarization of the reflected light [108].
The natural modes of the electromagnetic field in a given part of space, for in-
stance inside a homogeneous scattering object, are the solutions of the vectorial wave
equation that the satisfy boundary conditions for the field in that region. When the
natural modes of the electromagnetic field in- and outside a scattering object cou-
ple one-to-one, the scattered fields are obtained from equating the field amplitudes
per mode. One-to-one coupling between the interior and exterior natural modes of a
scattering object takes place if both modes are similar along the object’s boundary,
which is only the case for a few scattering objects with simple geometries. When
the internal and external natural modes of the scatterer are dissimilar, one external
natural mode generally couples to an infinite number of interior natural modes and
vice versa. With this mismatch between the two sets of natural modes, a calculation
of the scattered fields thus generally results in an infinite set of equations, where each
equation relates the incident, transmitted and reflected field amplitudes at a different
mode couple.
Quite surprisingly, there is a way out to the problem of lacking one-to-one cou-
pling of the in- and exterior electromagnetic natural modes of a scatterer. With spe-
cific conditions for the electromagnetic fields in- and outside of the medium, two sets
of modified natural modes are obtained. With these sets of modes, a hybrid complete-
ness relation is established that is bilinear in the in- and exterior modes, where the
adjective hybrid merely indicates that both the in- and exterior modes are involved.
With this relation and after some manipulation, it is possible to expand all fields into
either set of modes so that the scattered field amplitudes again follow per mode.
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The last part of this thesis treats electromagnetic wave scattering from objects of
which the internal natural modes do not couple one-to-one with the external ones.
As mentioned before, this means that the electromagnetic modes in the interior and
exterior of the scattering object are dissimilar and the novel feature of our electro-
magnetic wave scattering theory is that the spatial variation of the index of refraction
inside the scattering object is allowed to differ from that outside the scatterer. This
is of particular relevance for the coupling of light into multi-dimensional photonic
crystals, since these crystals have inhomogeneous boundaries only.
For the theory to be applicable, the spatial variation of the index of refraction
should admit for a separation of the vectorial wave equation. The vectorial wave
equation follows immediately fromMaxwell’s equations. Examples of object geome-
tries that allow for a separated vectorial wave equation have been depicted in Fig. 1.4.
For the two-dimensional insect eye, depicted in Fig. 1.4(a), and for transverse elec-
(a) (b)
Figure 1.4: Model examples of objects in which the vectorial wave equation sepa-
rates: (a) the two-dimensional insect eye and (b) the telegrapher surface. Different
colors indicate regions in which the refractive index can take on different values. The
light is supposed to enter from above.
tric polarization, the vectorial wave equation separates in a two-dimensional spherical
coordinate system. As a consequence of the tangential variation of the index of re-
fraction inside the insect eye, the interior natural modes do not resemble the exterior
natural modes and there is no one-to-one coupling between these modes. For the
telegrapher surface, depicted in Fig. 1.4(b), the vectorial wave equation separates in
a rectangular coordinate system. Here, the interior and exterior modes do not couple
one-to-one because of the variation of the index of refraction in the horizontal direc-
tion inside the object. As mentioned, the analytic calculation of the scattered fields
from this sort of objects, that lack the one-to-one coupling of interior and exterior
electromagnetic natural modes, is still possible. The central element in this theory,
16 Introduction
the hybrid completeness relation, was taken from an analysis of E. Hilb on mode
expansions generated by inhomogeneous differential equations [109].
Hilb showed the following. Consider, on the one hand, the modes generated by
a homogeneous differential equation with a given set of boundary conditions and, on
the other hand, the modes generated by an inhomogeneous differential equation with
a different set of boundary conditions. When both sets of boundary conditions are
properly chosen, Hilb proved that both sets of modes lead to a hybrid completeness
relation and that the modes are biorthogonal if the source term of the inhomogeneous
equation satisfies certain conditions [109].
In the last part of this thesis, Hilb’s theory is applied to the modes of the electro-







Figure 1.5: The multilayer in two different orientations with respect to the applied
field. (a) conventional orientation: the applied field enters the medium through a
homogeneous boundary. (b) rotated over 90 degrees: the field is incident on an in-
homogeneous boundary surface. Different colors indicate regions that have different
indices of refraction.
the multilayer has its conventional orientation with respect to the incident field, as
depicted in Fig. 1.5(a), the entrance plane separates two homogeneous spaces and the
internal and external natural modes are similar along this edge. If the multilayer is
rotated over 90 degrees, as depicted in Fig. 1.5(b), one of the inhomogeneous edges
of the medium becomes the entrance plane and the interior and exterior natural modes
along this edge are not similar.
In the homogeneous part of space outside of the scatterer, the modes satisfy a
homogeneous differential equation, the Helmholtz equation, and inside the medium
the modes fulfil an inhomogeneous version of the Helmholtz equation, where the
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inhomogeneity is effectively a driving force which arises from the induced polariza-
tion. With the use of the hybrid completeness relation, the amplitudes of the reflected
and transmitted fields along the inhomogeneous interface of the rotated multilayer
medium are calculated.
1.11 Outline of this thesis
The outline of this thesis is as follows. Globally, three separate aspects of elec-
tromagnetic wave propagation in photonic crystals are treated and as such the the-
sis can be divided into three parts. In the first part, which involves the chapters 2
and 3, the transmitted Sommerfeld and Brillouin precursors are calculated in the
one-dimensional multilayer. The second part, chapter 4, is devoted to the alterna-
tive formulation of the transmission coefficient. The third and last part, that involves
chapter 5, treats the scattering theory of electromagnetic waves against objects of
which the interior natural modes of the electromagnetic field do not couple one-to-
one to the exterior ones. A brief summary and outlook is given in chapter 6.
